Volcanic pebbles in gravels from Sites 977 and 978 in the Alboran Sea (western Mediterranean) were dated (using the 40 Ar/ 39 Ar single-crystal laser technique) and analyzed for their major-and trace-element compositions (determined by X-ray fluorescence and inductively coupled plasma-mass spectrometry). The samples range from basalts to rhyolites, and belong to the tholeiitic, calc-alkaline, and shoshonitic series. Single-crystal and step-heating laser 40 Ar/ 39 Ar analyses of plagioclase, sanidine, biotite, and amphibole phenocrysts from basaltic to rhyolitic samples indicate that eruptions occurred between 6.1 and 12.1 Ma. The age data conform to the stratigraphy and agree with microfossil ages, when available. The major-element and compatible trace-element data of samples with H 2 O < 4 wt% show systematic variations, consistent with fractionation of the observed phenocryst phases (plagioclase, olivine, clinopyroxene, magnetite, hornblende, quartz, and biotite). The incompatible-element patterns formed by normalizing to primitive mantle for all samples show spiked patterns with peaks generally at mobile elements and troughs at immobile elements, in particular Nb and Ta. The calc-alkaline affinities and the incompatible-element systematics are characteristic of subduction zone volcanism, which indicates that subduction occurred beneath the eastern Alboran from 6 to at least 12 Ma. We propose that the change in chemistry from calc-alkaline and potassic to sodic compositions between 5-6 Ma reflects detachment of the subducting slab. Uplift of the Strait of Gibraltar, associated with this detachment, could have caused the Messinian Salinity Crises.
INTRODUCTION
Neogene volcanic rocks extend from southeastern Spain through the eastern Alboran Sea to northeastern Morocco and northwestern Algeria, and form a north-northeast-trending belt, ~400 km long and 200 km wide (Fig. 1; Le Pichon et al., 1972; Horvarth and Berckhemer, 1982; Zeck, 1996) . Based on K/Ar age determination of whole-rock samples, calc-alkaline volcanic rocks in southeast Spain and northern Africa range in age from ~5 to 18 Ma (Fig. 2; Bellon and Brousse, 1977; Bellon et al., 1983; Hernandez and Bellon, 1985; Nobel et al., 1981; Fernandez Soler, 1992) . Basalt dike swarms, outcropping over large areas of the western Betics, extend the age of magmatism in southern Spain to 23 Ma (Torres-Roldán et al., 1986) . Volcanic rocks with calc-alkaline and tholeiitic affinities also occur on Alboran Island (7−25? Ma; Aparicio et al., 1991; Bellon and Letouzey, 1977) . Although the acoustic basement beneath the eastern and southern Alboran Sea is considered to consist mainly of volcanic rocks (Comas et al., 1992) and volcanic rocks were sampled by dredging or submersibles (Giermann et al., 1968; Comas, Zahn, Klaus, et al., 1996; Hoernle et al., 1997) , no published data are available for the age and composition of these volcanic rocks. Volumetrically insignificant amounts of ultrapotassic rocks and alkali basalts are present in the upper Miocene (Messinian) and Pliocene, respectively, in the Alboran Region.
A long-standing paradox has been how to explain the formation of the western Mediterranean through extension, rifting, and seafloor spreading at the same time (Eocene-Miocene) that the African and European Plates were colliding (Dewey et al., 1989) . The formation of Mediterranean-type back-arc basins (Horvarth and Berckhemer, 1982) , as exemplified by the Alboran Basin, reflects this paradox in miniature. The many models that have been proposed to explain the origin of the Alboran can be divided into three general groups. The first group calls upon mantle diapirism beneath the Alboran to uplift the lithosphere and form the nappe structures in the Betic-Rif mountains and the Gibraltar arc (Loomis, 1975; Weijermars, 1985) . The second group proposes removal and detachment of thickened lithospheric mantle by either delamination or convection (e.g., Platt and Vissers, 1989; García-Dueñas et al., 1992; Morley 1992 Morley , 1993 Comas et al., 1992; Docherty and Banda, 1995; Vissers et al., 1995; Seber et al., 1996a Seber et al., , 1996b . The third group relates the Alboran Basin formation to subduction (e.g., Araña and Vegas, 1974; TorresRoldán et al., 1986; Dercourt et al., 1986; DeJong, 1993; Zeck et al., 1992; Blanco and Spakman, 1993; Royden, 1993; Zeck, 1996) . Each of the three groups of models will be associated with volcanism having distinct chemical characteristics. Therefore, studies of volcanic rocks from this region, combined with the results of geophysical, structural, and tectonic studies, can help improve our understanding of the geodynamic evolution of the Alboran Region.
In this study, we present age data obtained using the 40 Ar/ 39 Ar single-crystal laser technique, and major-and trace-element compositions of 24 volcanic pebbles (classified as such on the basis of their size) from Ocean Drilling Program Holes 977A and 978A in the Alboran Sea ( Fig. 3 ; Comas, Zahn, Klaus, et al., 1996) . The pebbles range from rounded to angular in shape and from basalt to rhyolite in composition. They occur in gravel (or conglomerate) layers of late Messinian (Site 978) and Miocene (Site 977) age, which are interpreted to reflect channel fill. Based on the morphology of the northern, central Alboran Basin, the pebbles are likely to be derived from both local (Yusuf Ridge, Al-Mansour Seamount) and more distal sources (Alboran Ridge, Cabo de Gata; Comas, Zahn, Klaus, et al., 1996) , and thus provide us with a representative sampling of this region. We use the pebbles to place constraints on the origin of volcanism in the central portion of the north-northeast-trending belt of Miocene volcanism in the Alboran Region (Fig. 1 ).
PETROGRAPHY
The thin-section petrography of the volcanic clasts from Holes 977A and 978A is summarized in Table 1 for all samples except 7647-O (161-978A-47R-1, 0−6 cm), 7519-II (161-978A-47R-1, 4−9 cm), and 7647-B (978A-47R-1, 0−6 cm), for which sufficient material was not available.
The basalts through rhyolites contain ≤35% phenocrysts, although most have <25%. Plagioclase is the most abundant phenocryst phase in all rock types (Fig. 4) . In basaltic rocks (basalts and basaltic andesites), the abundance of plagioclase ranges from 5% to 15%, with the exception of basaltic andesite sample 7519 (161-978A-46R-1, 4−9 cm), which contains 30%. Oscillatory zoning occurs in some plagioclase phenocrysts. The other phenocryst phases include clinopyroxene (≤8%), magnetite (≤2%), amphibole (≤2%), and olivine (≤1%), with most phenocrysts being subhedral. The groundmass contains the same phases as are present as phenocrysts. Secondary phases in some of the samples include chlorite, epidote, hematite, magnetite, ilmenite, pyrite, biotite, and calcite. Breakdown to secondary chlorite or epidote can affect clinopyroxene and plagioclase phenocrysts and the groundmass. Sample 7520 (161-977A-60X-1, 27−31 cm) contains 10% quartz as veins and vesicle filling.
The andesite samples contain phenocrysts of plagioclase (10%− 20%), clinopyroxene (≤5%), orthopyroxene (≤5%), and magnetite (≤1%). With the exception of some anhedral clinopyroxene, all phenocrysts are subhedral. The groundmass consists primarily of plagioclase, with some orthopyroxene. Secondary phases include Na-rich feldspar, chlorite, epidote, calcite, magnetite, and pyrite. Sample 7649 (161-977A-62X-1, 4−9 cm) has 5% quartz as vesicle fill. Secondary chlorite, epidote and/or calcite results from partial breakdown of plagioclase and clinopyroxene.
Phenocrysts in the dacites and rhyolites include plagioclase (5%− 20%), quartz (≤10%), orthopyroxene (≤5%), clinopyroxene (≤2%), amphibole (≤3%), biotite (≤3%), magnetite (≤2%), and sanidine (≤1%). Plagioclase phenocrysts range from euhedral to subhedral, whereas other phenocryst phases range from subhedral to anhedral. Secondary phases include epidote, chlorite, actinolite, titanite, chlorite, magnetite, and calcite. Rounded grains of quartz in some of these samples are interpreted to be xenocrysts. Figure 1 . Map of the Alboran Sea and surrounding regions. The region containing Miocene subduction-related (calc-alkaline and ultrapotassic) volcanic rocks (encircled with a dashed line) correlates well with the outline (solid line) of the central portion of the synthetic slab SYN1 at 247 km depth from the P-wave seismic tomographic results of Blanco and Spakman (1993) . Data come from the following sources: Ait-Brahim and Chotin (1990), Araña and Vegas (1974) , Bellon (1976) , Bellon and Brousse (1977) , Bellon et al. (1983) , Blanco and Spakman (1993) , Bordet et al., (1982) , Bourdier (1986) , Comas et al. (1992) , M. Comas (pers. comm., 1995) , Di Battistini et al. (1987) , Dupuy et al., (1986 ), Fernandez Soler (1992 , Hernandez and Bellon (1985) , Hernandez et al., (1987) , Munksgaard (1984) , Torres-Roldán et al. (1986) , Venturelli et al. (1984), and Zeck (1996) .
pyroxene, plagioclase, amphibole, and biotite by secondary chlorite, epidote, and actinolite is common. Sample 7646 (161-977A-62X-1, 9−13 cm) is a coarse-grained granite, whereas Samples 7647-H (978A-47R-1, 0−6 cm), 7647-I (978A-47R-1, 0−6 cm), and 7647-U (978A-47R-1, 0−6 cm) have metamorphic textures, although their chemistries are consistent with a volcanic origin (see below).
Additional petrographic data from volcanic pebbles from Sites 977 and 978 were also reported by the Shipboard Scientific Party (Comas, Zahn, Klaus, et al., 1996) .
ANALYTICAL METHODS
Age determinations by laser 40 Ar/ 39 Ar analysis were performed on single crystals of plagioclase, amphibole, and biotite, which were handpicked from crushed and sieved splits of Samples 161-977A-60X-1, 0−7 cm, 61X-1, 0−7 cm, 62X-1, 13−19 cm, and 978A-47R-1, 0−6 cm. Mineral separates were etched in 15% hydrofluoric acid (plagioclase and amphibole) and cleaned using an ultrasonic disintegrator (all separates). Samples were irradiated for 72 hours at a neutron current of 2.1 × 10 12 N/cm 2 at the 5-MW reactor of the GKSS Research Center (Geesthacht, Federal Republic of Germany), with crystals in aluminum trays and irradiation cans wrapped in 0.7-mm cadmium foil.
Analyses of 40 Ar/ 39 Ar were conducted at the Geomar Tephrochronology Laboratory. Plagioclase and amphibole crystals were fused in a single step, whereas analyses of biotite were performed by laser step-heating (40 mW-2000 mW). Purified gas samples were analyzed using a MAP 216 series noble gas mass spectrometer. Raw mass spectrometer peaks were corrected for mass discrimination, background, and blank values (determined every fifth analysis). The my AGE Figure 2 . Diagram summarizes the magmatic history of the Alboran Region. Subduction-related volcanism and plutonism (tholeiitic, calc-alkaline, and K-rich) occurred from ~25 Ma to ~5−6 Ma. In the Messinian, the composition of the volcanic rocks changed to Na-rich, alkaline compositions. Data sources are the same as in Figure 1 and also include Harland et al. (1982) and Kastens (1992) .
QUA-TERNARY
neutron flux was monitored using TCR sanidine (Taylor Creek Rhyolite, 27.92 Ma; Dalrymple and Duffield, 1988; Duffield and Dalrymple, 1990 ) and internal standard SAN6165 (0.470 van den Bogaard, 1995 For major-and trace-element analyses, the volcanic pebbles were cleaned, crushed to 0.5 cm size, handpicked, and then washed with distilled water. Whole-rock chips were ground to rock powder in an agate mill. Both H 2 O and CO 2 contents were determined using a Rosemount Infrared Photometer CSA 5003. Bulk-rock analyses of major and trace elements (Ba, Rb, Sr, Zr, V, Cr, Co, Ni, Cu, Zn, and Ga) were performed on fused tablets. The tablets were analyzed at the GEOMAR Research Center using a Philips X′ unique PW 1480 Xray fluorescence spectrometer. International reference standards RGM-1 (rhyolite), BM (basalt), SY-2 (syenite), and SDC-1 (mica schist) were also analyzed and are used to evaluate the precision and accuracy of the measurements ( Table 2 ). The maximum standard deviation of the standards is 0.20 wt% for SiO 2 and 0.02 wt% for all other major elements except Na 2 O (0.10 wt%). For the trace elements measured by XRF, the maximum standard deviation is 5 ppm, with the exception of Ba, for which it is 14 ppm.
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AGE DETERMINATIONS
Sand, sandstone mbsf -meters below sea floor mbsf mbsf Figure 3 . Stratigraphic sections from Holes 977A and 978A (Comas, Zahn, Klaus, et al., 1996) show the location of samples evaluated in this study. Notes: Ol = olivine, px = pyroxene, cpx = clinopyroxene, opx = orthopyroxene, plg = plagioclase, amph = amphibole, bio = biotite, alk = alkali, fsp = feldspar, qtz = quartz, mt = magnetite, pyr = pyrite, cc = calcite, act = actinolite, chl = chlorite, ep = epidote. Actinolite, chlorite, and epidote are secondary phases. Both primary and secondary quartz occurs. -= no phenocrysts were present in thin section. 
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Granite 977A-62X-1, 9-13 Alkali feldspar (55%), quartz (25%), plagioclase (10%), biotite (10%) 7647-H Metabasalt 978A-47R-1, 0-6 Actinolite (60%), quartz and feldspar (40%) 7647-I Metarhyolite 978A-47R-1, 0-6 Quartz (65%), muscovite (10%), feldspar (3%), Fe-ore (2%), vein calcite (20%) 7647-U Metadacite 978A-47R-1, 0-6 Quartz (70%), biotite (15%), Fe-ore (10%), feldspar (5%) on plagioclase, sanidine, amphibole, and biotite phenocrysts from volcanic rocks covering the spectrum from basalt to rhyolite. Age determination results are presented in Table 4 .
Dacite 7525 (161-978A-47R-1, 0−6 cm)
Eleven plagioclase phenocrysts (0.134−0.387 mg) from dacite 7525 were dated by single-crystal 40 Ar/ 39 Ar analysis. Apparent ages range from 5.5 ± 1.2 Ma to 8.5 ± 0.6 Ma. Isotope correlation returns a scatterchron with an age of 6.5 ± 0.4 Ma, and an initial 40 Ar/ 39 Ar ratio of 293 ± 4 (mean squared weighted deviate [MSWD] = 3.8; Fig.  5A ). If the oldest crystal is excluded, the subpopulation yields an isochron age of 6.4 ± 0.3 Ma (MSWD = 1.63) and a mean apparent age of 6.1 ± 0.3 Ma (MSWD = 2.45), which is considered here the best estimate of the eruption age of dacite 7525.
Rhyolite 7521 (161-977A-60X-1, 0−7 cm)
Nine plagioclase phenocrysts, one sanidine phenocryst, and one biotite phenocryst (0.250−0.800 mg) from rhyolite 7521 were analyzed by single-crystal fusion. With apparent single-crystal ages ranging from 9.39 ± 0.18 Ma to 9.98 ± 0.30 Ma, the plagioclase analyses define an isochron with an age of 9.46 ± 0.11 Ma (MSWD = 1.32; Fig. 5A ), and yield a mean apparent age of 9.55 ± 0.49 Ma. Their initial 40 Ar/ 39 Ar ratio is determined as 307 ± 12, identical to the atmospheric ratio of 295.5 within 1-σ error limits. A step-heating analysis of a single biotite phenocryst from the same sample gave an errorchron of 9.41 ± 0.10 Ma (MSWD = 6.88) and an integrated age for individual heating steps of 9.49 ± 0.05 Ma ( Fig. 5B) , which is identical to the plagioclase ages within error limits. A single sanidine phenocryst yields the most precise age estimate for the eruption of rhyolite 7521. Its apparent age of 9.25 ± 0.02 Ma overlaps within error limits with the results obtained from plagioclase phenocrysts, but not with the poorly defined biotite errorchron.
Rhyolite 7522 (161-977A-61X-1, 0−7 cm)
Plagioclase phenocrysts from rhyolite 7522 (10 single-crystal analyses; 0.190−0.611 mg) give apparent ages ranging from 9.37 ± 0.07 Ma to 9.99 ± 0.12 Ma. The data are isochronous at 9.51 ± 0.14 Ma (MSWD = 2.71) and have a slightly elevated initial 40 Ar/ 39 Ar ratio of 341 ± 31 (Fig. 5A ). The step-heating analysis of a biotite phenocryst gives an isochron age of 9.29 ± 0.10 Ma, a near-atmospheric initial 40 Ar/ 39 Ar ratio of 296 ± 12, and an MSWD of 1.64. The age spectrum is flat but does not represent a plateau region (sensu stricto) within 1-σ error limits (Fig. 5B) . The integrated age is 9.25 ± 0.05 Ma. The best estimate of the eruption age of rhyolite 7522 is again derived from a single sanidine crystal analysis. Its apparent age of 9.29 ± 0.02 Ma agrees with the biotite step-heating results, but is significantly younger than the poorly defined plagioclase data.
Basalt 7523 (161-977A-62X-1, 13−19 cm) Seven amphibole phenocrysts (0.060−0.261 mg) were dated from basalt 7523 (Fig. 5A) . With single-crystal apparent ages ranging from 8.8 ± 2.9 Ma to 11.8 ± 1.6 Ma, the analyses yield an isochron age of 9.95 ± 0.64 Ma and an initial 40 Ar/ 39 Ar ratio of 294 ± 10 (MSWD = 0.94). Isochron and mean apparent ages (9.90 ± 0.40 Ma) are identical within error limits, but analytical precision is low because of small sample masses, low potassium content (i.e., insufficient neutron dose), and high nonradiogenic argon contents.
Dacite 7524 (161-977A-63X-1, 0−5 cm)
Plagioclase phenocrysts from dacite 7524 (six single-crystal analyses; 0.162−0.563 mg) give apparent ages ranging from 11.1 ± 1.3 Ma to 13.8 ± 0.3 Ma (Fig. 5A ). This population yields a scatterchron age of 12.5 ± 0.9 Ma with an initial 40 Ar/ 39 Ar ratio of 303 ± 13 (MSWD = 7.1). The mean apparent age (13.0 ± 0.3 Ma) is poorly constrained as well; its high MSWD (6.1) indicates the presence of different age populations in the crystal assemblage analyzed. Excluding two crystals with apparent ages of 13.5 ± 0.2 Ma and 13.8 ± 0.3 Ma drastically decreases the MSWD (0.36) and yields a mean apparent age of 12.1 ± 0.2 Ma. It is not clear whether the observed scatter in the plagioclase population of 7524 and 7525 reflects loss of radiogenic 40 Ar from some of the apparently younger crystals because of alteration or thermal overprinting, or whether it indicates the presence of older xenocrysts in these magmas.
In summary, the single-crystal and step-heating laser 40 Ar/ 39 Ar analyses of plagioclase, sanidine, biotite, and amphibole phenocrysts from lava clasts in Cores 161-977A-60X-63X and 978A-47R indicate that the eruptions of these basaltic to rhyolitic magmas occurred between 6.1 (dacite 7525) and 12.1 Ma (dacite 7524). At Hole 977A, the eruption ages of the volcanic rocks studied, systematically increase with depth and thus conform to the stratigraphy (i.e., from Core 60X [9. 25 Ma] , to Core 61X [9. 29 Ma] , to Core 62X [9. 9 Ma] and Core 63X [12.1 Ma]). A clast from Core 60X was assigned to Zone NN7 (~10.6−12.2 Ma) within the Serravallian, based on the mi- crofossil assemblage scraped from this sample (Comas, Zahn, Klaus, et al., 1996) . This provides further support for a mid-Miocene age for the base of Hole 977A. Sample 161-978A-47R−1, 0−6 cm (7525), also has an age similar to that of microfossils from the same unit (6.52 Comas, Zahn, Klaus, et al., 1996) . These observations are consistent with deposition of the volcanic clasts shortly after their eruption and suggests that at least some of the pebbles were derived from local volcanic structures, such as Al-Mansour Seamount, Yusuf Ridge, and Maimonides Ridge (?).
MAJOR-AND TRACE-ELEMENT GEOCHEMISTRY
Major-and trace-element compositions for 24 whole-rock samples (eight samples from Site 977 and 16 from Site 978) are reported in Table 5 . The samples from both sites range in composition from basalt to rhyolite (Fig. 6A ) and belong to the tholeiitic, calc-alkaline, high-K calc-alkaline, and shoshonite series (Fig. 6B) . The samples show a greater range in chemical composition than those from Cabo de Gata and extend to more mafic compositions (Fig. 6A) .
As is illustrated in Figure 7 , the major elements and compatible trace elements show systematic variations of SiO 2 content. Relatively immobile elements, such as Al 2 O3, FeO* (total iron as FeO), TiO 2 , V, Co, and Cr, decrease with increasing SiO 2 . Dacite sample 7647-U (161-978A-47R-1, 0−6 cm) has elevated TiO 2 and FeO*, which probably reflect the large amount of titanomagnetite in this sample (~10%). If the four samples with H 2 O > 4 are excluded, then CaO, CaO/Al 2 O 3 , MgO, P 2 O 5 , and Sr show inverse correlations with SiO 2 . In the four samples with H 2 O > 4, the higher MgO, but lower CaO, CaO/Al 2 O 3 , P 2 O 5 , and Sr than in the other samples at similar SiO 2 , most likely reflect the effects of seawater alteration, consistent with the greater degree of alteration observed in the thin sections of these samples. Sample 7647-H (161-978A-47R-1, 0−6 cm) has anomalously low Al 2 O 3, TiO 2 , and Sr and anomalously high CaO/Al 2 O 3 and MgO (Table 5 ). Most incompatible elements show crude positive correlations with SiO 2 , but correlate much better with each other (Fig.  8) .
Compared to both mid-ocean ridge basalt (MORB) and oceanisland basalt (OIB), basaltic samples from the Alboran have high ratios of "fluid-mobile" (also often referred to as the large-ion-lithophile elements [LILE] ) to "fluid-immobile" (Th, high-field-strength elements [HFSE] , and REE) elements (e. 
Interval (cm): 4-9 4-9 4-9 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-6 0-7 27-31 0-7 4-9 9-13 13-19 0-5 5-11 Ni  <2  3  11  15  4  <2  139  <2  28  3  11  18  29  <2  <2  51  <2  44  <2  60  3  26  <2  <2  Cu  50  26  11  13  17  15  37  <4  22  11  22  120  22  10  47  76  <4  28  <4  116  16  48  39  8  Zn  69  57  37  63  33  98  41  18  94  41  64  115  86  146  53  87  21  93  16  44  42  63  55  41  Ga  20  16  16  13  19  16  11  <8  17  21  16  12  21  18  17  17  20  11  23  21  13  22  16  18 La/Ta [12−83]), but low ratios of immobile to mobile elements (e.g., Nb/U [1.2−5.6] and Ce/Pb [0.7−15]). The ratios in the Alboran samples, however, are characteristic of subduction-related volcanic rocks. The REE patterns, normalized to chondrite using the values of Boynton (1984) , are shown in Figure 9 . The basalts and basaltic andesites can be divided into two groups based on their REE abundances: (1) the LREE-depleted group has patterns similar to those observed in normal (N) and enriched (E) MORB, and (2) the LREEenriched group has patterns characteristic of OIB (e.g., basalts from Saint Helena and Gomera (Canary Islands; Fig. 9A ). The LREEdepleted group contains Samples 7520 (161-977A-60X-1, 27−31 cm), 7647-H (978A-47R-1, 0−6 cm), 7647-B (978A-47R-1, 0−6 cm), and 7518 (978A-47R-1, 0−6 cm), and the LREE-enriched group contains samples 7647-Q (978A-47R-1, 0−6 cm), 7523 (977A-62X-1, 13−19 cm), and 7519 (978A-46R-1, 4−9 cm). The andesites, dacites, and rhyolites generally show LREE enrichment with (La/Yb) N ≥ 1. (1989) . Also shown are data for Cabo de Gata (shaded field) from Fernandez Soler (1992). Data were normalized to 100% on a volatile-free basis. B. SiO 2 vs. total K 2 O after Rickwood (1989) . The shaded regions denote the divisions between the tholeiite, calc-alkaline, high-K calc-alkaline, and shoshonite fields. . Multi-element diagrams for chondrite-normalized REEs (Boynton, 1984) and for incompatible elements normalized to primitive mantle (Hofmann, 1988 Hofmann, 1988) , ocean island basalts from Saint Helena (Chaffey et al., 1989) and Gomera (S. Dorn and K. Hoernle, unpubl. data) , and Aeolian Arc (Salina) basalts, andesite, dacite, and rhyolite (Ellam et al., 1989) are shown for comparison.
Most samples, especially in the more evolved rock types, have negative Eu anomalies. The more evolved samples (andesites through rhyolites) typically have concave patterns, reflecting depletion of the middle (M)REEs. The incompatible-element diagrams (Fig. 9 ), normalized to primitive mantle after Hofmann (1988) , are strongly spiked. Pronounced troughs occur at Nb and Ta in all samples. Peaks occur in most, but not all samples, at U and Pb. In general, mobile elements, such as Rb, Ba, U, K, and Sr, are enriched relative to less mobile elements such as high field strength elements (HFSE, for example Nb, Ta, Zr, Hf) and the REE. Th generally behaves similar to the LREEs (e.g., samples with high La have high Th and vice versa). The basalt groups also display distinct characteristics on multi-element diagrams (Fig.  9A) . The LREE-enriched basalts are also characterized by relative enrichments in Th and U but depletions in Rb, Ba, K, Zr and Ti, as well as Nb and Ta. The LREE-depleted basalts show relative enrichments in Rb, U, K, Pb and Sr but relative depletion in Th, as well as in Nb and Ta.
As is illustrated in Figures 10−12 , the basalt groups also have distinct immobile, incompatible element ratios. For example, the LREEenriched group has lower Ta/Nd, Sm/Nd, Y/Nb and Zr/Nb, but higher Ta/Yb, Th/Yb, Sm/Yb, Gd/Yb and La/Nb than the LREE-depleted group. These ratios are unlikely to have been significantly affected by low-temperature or hydrothermal alteration.
MAGMA EVOLUTION AND GENESIS
Variations in the major-and trace-element geochemistry, taken together with the observed phenocryst phases in these rocks, can help constrain the differentiation history of the Alboran volcanic rocks. The decrease in Al 2 O 3 , Sr, and CaO with increasing SiO 2 and degree of differentiation, as well as the negative Eu anomaly present in most samples (especially the most evolved: dacites and rhyolites), indicate fractionation of plagioclase, which was the major phenocrystic phase found in all rock types. The presence of clinopyroxene in the basalts through andesites, and the decreases in CaO/Al 2 O 3 , CaO, and Cr are consistent with clinopyroxene fractionation, whereas the decreases in MgO and Co most likely reflect olivine fractionation in the more mafic rocks. The decreases in FeO*, TiO 2 , and V with decreasing SiO 2 and presence of titanomagnetite phenocrysts in all rock types illustrate the importance of titanomagnetite as a fractionating phase. Removal of ~5% titanomagnetite is necessary to explain the decrease in V from basalt to rhyolite. Finally, the decrease in P 2 O 5 and the depletion in the MREE reflect fractionation of apatite and possibly amphibole. In summary, fractionation of plagioclase, clinopyroxene, titanomagnetite, olivine, apatite and amphibole can explain most of the observed variations in the major and compatible trace elements. Nevertheless, the presence of xenocrysts and the large range in Pb concentration in the dacites and rhyolites of 1.5 to 66 ppm (only three samples, however, have Pb > 15.5 ppm) suggest that crustal contamination was also an important process affecting the chemistry in at least the more evolved magmas. The geochemistry of the volcanic rocks from the Alboran places important constraints on their origins. The calc-alkaline character of most of these rocks, which range from basalt through rhyolite, is a typical feature of subduction zone volcanism. Furthermore, andesites and dacites occur almost exclusively in island arcs or along active continental margins. The trace-element systematics provide further strong support for a subduction origin of the Alboran volcanic rocks. These include (1) the spiked incompatible-element patterns, (2) troughs at Nb, Ta, and Ti on incompatible-element diagrams (Fig.  9A) , (3) high Ba/La, Ba/(Nb, Ta), K/(Nb, Ta) ratios, and (4) low (Nb, Ta)/REE, Nb/U, and Ce/Pb ratios. Because of the high solubility of mobile elements (e.g., Rb, Ba, U, K, Sr, Pb) in hydrous fluids at mantle temperatures, these elements are transported from the slab to the overlying asthenospheric wedge, resulting in enrichment of the wedge (and the melts derived from the wedge) in these elements (e.g., Gill, 1981) . Melts of sediments can also enrich the wedge in these elements. Such enrichment processes can explain the spikes in the mobile elements on multi-element diagrams (e.g., see the LREE-depleted basalts in Fig. 9A ), as well as high ratios in most samples of mobile elements to immobile elements, such as Nb and Ta. The troughs on the incompatible-element diagrams at Nb and Ta can reflect the low abundances of these elements in sediments and/or the retention of these elements in the source by a residual phase such as titanite, rutile, or possibly phlogopite (e.g., Gill, 1981; Wilson, 1989; Ionov and Hofmann, 1995) .
Although contamination or mixing of MORB melts with continental crustal material can generate similar incompatible-element characteristics (e.g., Wilson, 1989) to those observed in some of the basaltic samples, crustal assimilation (during ascent) cannot alone explain the incompatible-element chemistry of the Alboran volcanic rocks. For example, the enriched basaltic samples extend to higher compositions of many elements (e.g., K 2 O, Ba, Sr, Pb, Th, U, LREEs) than generally found in MORB or the continental crust (Hofmann, 1988; Taylor and McLennan, 1985) . Furthermore, crustal assimilation during fractional crystallization (AFC) cannot explain the inverse correlations of SiO 2 with Nb/Zr and Nd/Sm in the basaltic samples, because with increasing differentiation (as reflected by increasing SiO 2 ), both ratios should increase, not decrease. The variation in Ta/Nd and Sm/Nd ratios in the basaltic samples are also inconsistent with crustal contamination (Fig. 10) . The extreme depletion in highly incompatible, immobile elements observed in some of the LREE-depleted basalts are primarily found in subduction environments and are believed to form by high degrees of melting in the presence of water and/or as a result of progressive depletion of the source (e.g., Stolper and Newman, 1994) . Finally, we note the striking similarity between the incompatible-element abundances of the LREEenriched Alboran basaltic rocks and those from basaltic rocks in the active Aeolian Arc, also in the western Mediterranean (Fig. 9A) . We conclude that the major-and trace-element compositions of the volcanic rocks provide evidence that subduction was active in the Alboran from 6 to at least 12 Ma.
The incompatible-element data for the Alboran basaltic rocks can also be used to constrain the residual mineralogy of the sources of both groups. The LREE-depleted basalts have heavy (H)REE patterns with near zero to slightly positive slopes and (Sm/Yb) N , (Gd/ Yb) N , and (Dy/Yb) N ≤ 1 (Fig. 9A ), indicating that garnet was not a residual phase. The enrichment or peaks in mobile elements (Rb, U, K, Pb, and Sr) vs. the depletion or troughs in immobile elements (Th, HFSE, and REE) could reflect high degrees of melting of sources metasomatized by hydrous fluids from the subducting slab (e.g., Stolper and Newman, 1994) . A high degree of melting (because of high water content) will result in an apparent depletion (i.e., dilution) in immobile elements, which are not enriched by the hydrous fluids. The mobile elements are, however, continually enriched in the wedge by new fluid fluxes. In conclusion, these basalts are consistent with derivation from metasomatized MORB-type material in the mantle wedge above a subducting slab.
The steep negative slopes of the HREE patterns and (Sm/Yb) N , (Gd/Yb) N , and (Dy/Yb) N > 1 (Fig. 9A) indicate that garnet may have been a residual phase during melting to form the LREE-enriched basalts. Although garnet is only stable at depths >75−80 km (pressures in excess of 2.3-2.5 GPa) in peridotite, it can be stable to depths as shallow as 40 km in pyroxenite (Hirschmann and Stolper, 1996) . The negative anomalies on incompatible-element diagrams in Rb, Ba, K, Zr, Ti (and possibly Nb and Ta) and the lack of a pronounced Pb anomaly (in contrast to the LREE-depleted basalts; see Fig. 9A ) most likely reflect the presence of residual phlogopite (± amphibole) in the source, which can be enriched in all of these elements (Ionov and Hofmann, 1995 , and references therein). The LREE-enriched basalt, therefore, could have been derived from a phlogopite-bearing garnetpyroxenite or -peridotite source within the mantle wedge above the subducting slab.
There are two possible interpretations for enrichment in Th, LREE, and MREE in the LREE-enriched basalts. First, they could reflect derivation from an enriched OIB-or plume-type of source. Using seismic tomography and isotope geochemistry, it has been shown that large-scale upwelling of plume material has been occurring throughout the Cenozoic beneath the eastern Atlantic, western Mediterranean, and western and central Europe (Hoernle et al., 1995) . The trace-element pattern for a basalt sample from Gomera (Canary Islands) with the Sr, Nd, and Pb isotopic composition of this plume end-member (LVC) is shown in Figure 9A (S. Dorn and K. Hoernle, unpubl. data) . The close similarity of the incompatible-element composition of this and other samples from the aforementioned areas with those from high 238 U/ 204 Pb (HIMU)-type ocean islands, such as Saint Helena, suggest an origin of the LVC plume component from recycled oceanic crust. Recycled ocean crust is likely to be present in the mantle as garnet pyroxenite. As is commonly observed in peridotite massifs (believed to be obducted portions of the upper mantle) in northern Morocco (Beni Boussera) and southern Spain (Ronda), pyroxenite layers (with and without garnet) commonly occur within a peridotite matrix. Therefore, the OIB-type, LREE-enriched endmember is likely to occur as garnet pyroxenite layers within depleted (MORB-type) peridotite. It has been shown in regions of upwelling mantle, such as beneath the nearby Canary Islands, that zones of both OIB-and MORB-type material can occur over distances of <100 km (Hoernle et al., 1991; Hoernle and Schmincke, 1993) . Subduction of ocean crust beneath the Alboran resulted in metasomatism of both MORB and OIB components within the mantle wedge by hydrous fluids, which resulted in the stabilization of phlogopite in the garnetpyroxenite component. Both garnet and phlogopite remained in the residuum during melting to generate the LREE-enriched basalts.
Alternatively, the trace-element characteristics of the LREEenriched basalts could reflect the presence of sediments in the source, as has also been proposed for the Aeolian Arc Volcanic Rocks with similar chemistry (Fig. 9 ; Ellam et al., 1989) . If this is the case, then the steep HREE patterns do not necessarily require the presence of garnet in the source. The presence of phlogopite (± amphibole) in the residuum of the Alboran basalts may reflect their derivation from lithospheric mantle sources, in contrast to derivation of the Aeolian Arc Basalts from asthenospheric sources. Isotope data are crucial for placing further constraints on the source compositions for both basalt groups and for distinguishing between involvement of sediments or OIB-type material.
DISCUSSION
As indicated above, the geochemistry of Miocene (6−12 Ma) volcanic rocks from Sites 977 and 978 can best be explained in the context of subduction. Based on available geochemical data, rocks from the volcanic belt in Figure 1 have similar compositions to the samples analyzed in this study, as is illustrated by the comparison with Cabo de Gata (e.g., Toscani et al., 1990; Fernandez Soler, 1992 ; see also Fig. 6 ). The major-and trace-element chemistry of Miocene tholeiitic, calc-alkaline, potassic and lamproitic rocks in the Alboran Region have been interpreted to reflect subduction in the region (Araña and Vegas, 1974; Bellon and Brousse, 1977; Delarue and Brousse, 1974; Foley et al., 1987; Venturelli et al., 1988; Nelson et al., 1986; Torres-Roldán et al., 1986; Venturelli et al., 1984) . Therefore, the 400 km northeast-trending volcanic zone may represent a volcanic arc formed by subduction of ocean crust during the Miocene.
Additional support for northeast-trending subduction comes from the depth of earthquake epicenters and seismic tomography. The epicenters of two earthquakes in 1954 and 1973, located at 630 km and 640 km, respectively, beneath southern Spain, are interpreted to reflect the presence of a subducted slab at the base of the upper mantle (e.g., Isacks and Molnar, 1971; Chung and Kanamori, 1976; Udías et al., 1976; Grimison and Chen, 1986) . The calculated east-westtrending principal stress axis (Udías et al., 1976 ) is consistent with northwest-dipping subduction (Blanco and Spakman, 1993; Zeck, 1996) . Delay-time tomography shows that the presence of a positive P-wave velocity anomaly between 200 and 700 km depths resembles a cold, subducted, lithospheric slab (Blanco and Spakman, 1993) . The southwest-northeast strike and ~600 km length of this anomaly are similar to that of the Miocene volcanic belt (see Fig. 1 ). Although oceanic lithosphere is generally not thicker than ~100 km, the 250-km thickness (and 600-km length) of the P-wave anomaly no doubt in part reflects thermal equilibration of the surrounding warmer mantle with the colder slab (Zeck, 1996) and the resolution of the tomographic model. Data from the new seismic network in Morocco show a similar P-wave anomaly beneath northeastern Morocco, the Alboran, and southeastern Spain between 150 and 350 km (Seber et al., 1996a) .
Although it is difficult to constrain the onset of subduction, the oldest ages of volcanism in the Alboran region (20−25 Ma) suggest that it may have occurred near the Oligocene/Miocene boundary (Fig. 2) . This boundary is associated with a major change in the plate kinematics in the North Atlantic region. Not only did movement within the Pyrenees and Biscay cease, but the European-African plate boundary shifted to the Azores-Alboran fracture zone (Roest and Srivastava, 1991) . The Oligocene/Miocene boundary also coincides with the beginning of subsidence to form the Alboran Basin and exhumation of metamorphic nappe complexes in southern Spain (Comas et al., 1992; Zeck et al., 1992; Zeck, 1996) . These events suggest that the Alboran Basin may have been formed by back-arc processes (Torres-Roldán et al., 1986) and that the Alboran back-arc basin (and possibly other Mediterranean back-arc basins) distinguishes itself from Pacific-style back-arc basins primarily because subduction occurs beneath continental crust under compression from continentcontinent collisions.
The lower velocities above 200 km in the tomographic model of Blanco and Spakman (1993) and the lack of seismicity under the Alboran and adjacent regions of southern Spain and northern Morocco (from 2° to 8°W) between depths of 120 and 180 km (Seber et al., 1996b; Fig. 2) are consistent with the proposal that the subducted lithospheric slab is detached (Blanco and Spakman, 1993; Zeck, 1996) . Warmer and lighter asthenospheric material from greater depth is likely to flow into the void formed by the detachment and sinking of a cold lithospheric slab. Decompression melting of inflowing asthenosphere could result in the formation of low-degree, alkali-basalt melts, which suggests that detachment occurred 5−6 Ma or slightly before, when the composition of volcanic rocks changed from primarily calc-alkaline to alkaline (Fig. 2) .
Detachment could also explain several other phenomena that occurred at or near the Miocene/Pliocene boundary. Whereas deformation and uplift in the Alboran region moved westward at the end of the Miocene and beginning of the Pliocene, subsidence in the Alboran Basin moved to the east and southeast (i.e., toward and east of the Alboran Ridge; Docherty and Banda, 1995) . Release of the downward pull from the subducting slab on the bent portion of the slab and in-flow of warmer and lighter asthenosphere into the gap above the slab could cause uplift above the sinking slab (Wortel and Spakman, 1992; Zeck et al., 1992; Blanco and Spakman, 1993) . Temporary uplift of the Gibraltar arc on the western margin of the Alboran Sea 5− 6 m.y. ago may in part be responsible for closing the Strait of Gibraltar, which resulted in the Messinian salinity crises in the Mediterranean. Subsidence of the eastern portion of the Alboran in the early Pliocene, however, is difficult to explain unless part of the lithospheric mantle beneath the eastern Alboran was removed or delaminated (Docherty and Banda, 1995) . It is possible that during the detachment process a piece of the lithospheric mantle beneath the eastern Alboran may have been removed by the sinking slab. Finally, detachment of the lithospheric slab, or subsequent mantle upwelling, might also trigger delamination of the lithospheric mantle on the overriding plate, which could explain the gap in seismic activity, low P n -wave velocities, and high seismic-wave attenuation at depths of 20−60 km presently beneath the Alboran Sea and Gibraltar Arc (Seber et al., 1996b) .
Although northwest-dipping subduction of oceanic crust in the Miocene beneath the Alboran, followed by slab detachment and lithospheric delamination in the Pliocene, does not provide a unique solution for the geological, geophysical, tectonic, and structural data (e.g., see "Introduction" in Comas, Zahn, Klaus, et al., 1996) , it shows that the available data can at least be interpreted in the context of such a model.
CONCLUSIONS
The tholeiitic to calc-alkaline basalt to rhyolite volcanic rocks from Holes 977A and 978A in the eastern central Alboran Sea range in age from 6.1 Ma to 12.1 Ma The ages conform to the stratigraphy and to ages from microfossils, where available. The major-and traceelement geochemistry shows strong affinities to volcanic rocks from subduction zones, which indicates that subduction most likely occurred beneath the eastern Alboran 6.1 to at least 12.1 Ma. The incompatible-element data also require the presence of both depleted (MORB-source) and enriched (ocean-island or sediment) components in the mantle beneath the Alboran.
